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Introduction {#sec001}
============

Eccentric exercise-induced muscle damage is characterized by decreased muscle contractile force, muscle stiffness, swelling, delayed-onset muscle soreness, and histological alterations involving myofilament, extracellular matrix (ECM), and epimysium \[[@pone.0208799.ref001]\]. Active muscle lengthening, as seen during eccentric exercise, is generally associated with muscle damage due to non-uniform stretching of the sarcomeres \[[@pone.0208799.ref002]\]. Stretched sarcomeres may become weakened and fail to correctly re-interdigitate the thick and thin filaments when the muscle relaxes. Since sarcomeres are arranged in series, the damage induced by extended sarcomeres can propagate longitudinally, collectively resulting in reduced production of force during the next contraction \[[@pone.0208799.ref003]\]. In the myocardium, stretched myocardium has shown to trigger myocyte apoptosis and superoxide (O~2~^•--^) production \[[@pone.0208799.ref004]\]. Although skeletal muscle exhibits a greater adaptive ability to stretching than myocardium through sarcomerogenesis and hypertrophy \[[@pone.0208799.ref002], [@pone.0208799.ref005]\], the disruption of sarcomere stability inadvertently impairs muscle force development. It is postulated that muscle damage resulting from eccentric exercise is associated with disrupted sarcomeres and subsequent excitation-contraction coupling dysfunction. Indeed, sarcomere lengthening is considered an initiative event for a muscle-damaging processes during eccentric contractions \[[@pone.0208799.ref006]\].

In addition to mechanical stress-induced muscle damage, eccentric exercise has been shown to elicit greater leukocyte apoptosis and oxidative stress compared to concentric exercise, both of which may contribute to post-exercise immune suppression, in comparison to concentric exercise \[[@pone.0208799.ref007], [@pone.0208799.ref008]\]. It is well documented that exhaustive exercise is associated with a decrease in circulating immune cells, likely due to leukocyte apoptosis \[[@pone.0208799.ref009], [@pone.0208799.ref010]\]. Syu *et al*. reported that acute vigorous exercise accelerates neutrophil apoptosis and exacerbates oxidative stress, whereas chronic moderate exercise can attenuate neutrophil apoptosis by altering the redox status of neutrophils toward a more reduced state \[[@pone.0208799.ref011]\]. Both *in vitro* and *in vivo* studies indicate that excessive reactive oxygen species (ROS) limit cell lifespans by activating death receptor signaling or dysregulating the mitochondrial transmembrane potential \[[@pone.0208799.ref012]\]. Additionally, ROS can directly damage DNA and proteins, promoting muscle fatigue \[[@pone.0208799.ref013]\]. Moreover, ROS produced in skeletal muscle have been shown to play a crucial role in regulating mitogen-activated protein kinases (MAPKs) pathways \[[@pone.0208799.ref014]\]. Marked activation of MAPKs including p38 and extracellular signal-regulated kinase 1/2 (ERK1/2) was observed 30 min after eccentric exercise as compared to concentric exercise, suggesting that a greater level of ROS are induced by eccentric exercise during muscle contraction \[[@pone.0208799.ref015]\].

The correlation of muscle function alteration and related leukocyte apoptosis following stretching or eccentric contractions remains to be further elucidated. Emerging evidence supports a major role of ROS and their elevation being implicated in eccentric exercise-induced injury \[[@pone.0208799.ref003], [@pone.0208799.ref016], [@pone.0208799.ref017]\]. Previous studies have reported that a second bout of eccentric exercise which was performed within several weeks from the first exercise bout is linked with a marked attenuation of muscle functional decline \[[@pone.0208799.ref018]\]. This protective effect has been attributed to neural adaptations, an increase in sarcomere numbers in series, ECM remodeling, and an altered inflammatory response \[[@pone.0208799.ref001]\]. Interestingly, oxidative stress and leukocyte apoptosis are significantly lowered after the second bout of eccentric exercise \[[@pone.0208799.ref007], [@pone.0208799.ref019]\]. In addition, antioxidant supplementation has shown to not only attenuate eccentrically-biased exercise-induced muscle damage/soreness but also enhance the protective effect following the second bout of eccentric exercise \[[@pone.0208799.ref020]\]. This adaptation blunts the detrimental effects induced by unaccustomed eccentric exercise such as muscle tenderness, pain, and strength loss, which may occur in response to the high mechanical stress of eccentric contraction \[[@pone.0208799.ref021], [@pone.0208799.ref022]\]. Thus, it is essential to explore the redox interaction in muscle force development and immune response during unaccustomed eccentric exercise. If increased oxidative stress promotes leukocyte apoptosis, antioxidant supplementation should suppress leukocyte apoptosis after acute strenuous exercise by attenuating the increase in ROS. Stretching of sarcomere is considered as the major mechanism underlying muscle damage associated with eccentric exercise \[[@pone.0208799.ref001]\]. However, the exact mechanism of ROS production during muscle stretch has not been fully elucidated. Therefore, in this study, we first examined the extracellular ROS formation and muscle function in stretched mouse diaphragm during contraction. Additionally, we explored the effects of antioxidant supplementation on exercise-induced leukocyte apoptosis and during repeated bouts of eccentrically-biased exercise (i.e., downhill running) with human subjects. Understanding the relevance of ROS will provide insights to further study in eccentric exercise and its related injuries.

Materials and methods {#sec002}
=====================

Animal model: Muscle lengthening experiment using mouse model {#sec003}
-------------------------------------------------------------

### Mouse diaphragm preparation and stretching protocol {#sec004}

This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All experimental procedures involving mice were approved by The Ohio State University Institutional Animal Care and Use Committee (IACUC; Protocol Number: 2013A00000046-R1) and strictly adhered to the guidelines. Male C57BL/6 mice were used in the study. Each mouse was anesthetized with an intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg). The diaphragm muscle was quickly dissected out and cut into two strips (\~0.5 cm wide) with a small part of tendon and rib attached in the presence of Ringer's solution (in mM: 121 NaCl, 5.9 KCl, 1.2 NaH~2~PO~4~, 0.9 Na~2~SO~4~, 2.0 CaCl~2~, 1.0 MgCl~2~, 21 NaHCO~3~, 11.5 glucose; pH 7.4, room temperature). Each strip was mounted in an experimental chamber (model 800MS; Danish Myo Technology, Aarhus, Denmark) by securing the corresponding central tendon to a mobile lever arm designed to adjust muscle length \[[@pone.0208799.ref023]\]. The chamber was then filled with oxygenated Ringer's solution containing 20 μM cyt *c*, which is an extracellular O~2~^•--^probe (Sigma, St. Louis, MO) to examine O~2~^•--^released from tissue \[[@pone.0208799.ref024]\].

Each muscle strip was carefully stretched and the optimal muscle length was determined when the muscle reached its highest twitch force. The muscle length between the tendon and rib was then measured using a ruler (in cm). After determining the optimal muscle length, the muscle strip was further stretched by 30% of its optimal length and equilibrated in oxygenated Ringer's solution at room temperature for 15--20 min. Each muscle strip was then electrically stimulated by an S48 stimulator (Grass Technologies, West Warwick, RI) with square-wave pulses (70Hz, 250-ms train duration, 0.5-ms pulse duration) for 5 min at 37°C, following the previous contractile protocols \[[@pone.0208799.ref025]\]. Muscle force (mN/mg) was measured by a stationary force transducer (force range 0 to 1,600 mN) \[[@pone.0208799.ref026]\]. The tetanic contractions were recorded and converted to digital data by an A-D converter (model ML826; AD instruments, Colorado Springs, CO). LabChart 7.3.1 was employed to analyze the data. Cyt *c* was added to the strip during the 5-min contraction with or without the addition of SOD. Cyt *c* can be reduced by O~2~^•--^to generate an enhanced absorbance at 550 nm, which was measured via a spectrophotometer (Nanodrop 2000, Thermal Scientific, MA, USA). This absorbance is directly correlated to the concentrations of extracellular O~2~^•--^with an extinction coefficient 18.5×10^3^ M^−1^cm^−1^ \[[@pone.0208799.ref027]\]. The control followed the same protocol without any stretch.

Human model: Antioxidant supplementation experiment using human subjects {#sec005}
------------------------------------------------------------------------

### Subjects and downhill eccentric running protocol {#sec006}

Twenty-two moderately physically active males (age: 18--35; VO~2max~: 45--65 mL•kg^-1^•min^-1^) were recruited for this study. Subjects who fit any of the following criteria were excluded from the study: smokers, musculoskeletal limitations, use of any medication that may alter immune function and/or cardiovascular function including anti-inflammatory drugs, or were taking any antioxidant supplementation three months prior to the participation of the study. Qualified subjects were randomly assigned into a supplement (S) (age: 20.5 ± 0.7 yr; weight: 74.3 ± 3.2 kg; VO~2max~: 54.6 ± 1.0 mL•kg^-1^•min^-1^; *n* = 11) or placebo (P) (age: 21.3 ± 1.2 yr; weight: 75.2 ± 2.5 kg; VO~2max~: 53.1 ± 0.9 mL•kg^-1^•min^-1^; *n* = 11) group. The supplement (capsules) consisted of 1000 mg of vitamin C and 400 IU of vitamin E. The placebo (maltodextrin) was in capsules that were visually identical to the supplement. Supplementation (antioxidant or placebo) was administered daily for two weeks before each downhill running trial and two additional days after each trial in a double-blind manner. All participants provided written consent upon the explanation of the procedures and risks associated with this study. All consent form and study procedures were approved by Purdue University Institutional Review Boards (IRBs) charged with ethical review of proposed research with human subjects (protocol \# 1005009339).

All participants completed two downhill running trials (1D and 2D) performed three weeks apart. All trials were performed in the morning following an overnight fast and refraining from strenuous exercise for 48 h. The trials consisted of a 3-min warm up followed by a 40-min downhill (-10% grade) run at a speed that elicited 65--70% VO~2max~. Three weeks later, subjects repeated the downhill run. In order to monitor the exercise intensity, heart rate, oxygen consumption, and rating of perceived exertion were recorded every 5 minutes during the exercise trials. Whole blood was drawn prior to each trial and at several time points POST. Total leukocyte count, leukocyte subset apoptosis, and total circulating leukocyte apoptotic-related proteins were measured. Supplementation compliance was confirmed by the plasma vitamin E status which was measured upon enrollment in the study (baseline), prior to 1D (PRE 1D) and prior to 2D (PRE 2D) for each subject.

### Blood sample preparation and measurements {#sec007}

Four milliliters of whole blood were collected in an EDTA tube from an antecubital vein PRE immediately followed by exercise (0 h), and 6, 24, and 48 h post exercise. Dextran sedimentation followed by two rounds of hypotonic lysis was performed to remove erythrocytes and platelets during the preparation of peripheral blood leukocytes \[[@pone.0208799.ref028]\]. The blood sample was then briefly mixed with a 0.6% dextran solution (0.9% saline solute). The solution was set aside to sedimentate for 40 min, then approximately 1.5--2.0 mL supernatant was transferred to a 15 mL centrifuge tube and centrifuged at 200g for 10 min at 4°C. The resulting supernatant was extracted, and 9 mL of deionized water was added to the cell pellets. After 10 s, 1 mL of 10×PBS was added, mixed, and centrifuged at 200 g for another 10 min at 4°C. The procedure was repeated twice until red blood cells were no longer visible. Isolated leukocytes were re-suspended in 1 mL of PBS. 0.4% Trypan Blue stain (10 μL; Mediatech, Inc.) was added to 10 μL of the cell suspension, and the mixture (10 μL) was pipetted into a hemocytometer to collect the total WBC count. Cell viability was measured using light microscopy (Microscoptics IV 900 Series). The remaining mixture was centrifuged at 200 g for 10 min and the supernatant was decanted. Isolated leukocyte pellets were immediately stored at -80°C until analyzed for apoptotic proteins (Bcl-2 and Bax).

The quantification of vitamin E followed the protocol of Jiang *et al*. \[[@pone.0208799.ref029]\]. To each screw-top glass tube that was placed on ice, the following solution was added in sequence: methanol (2 ml), cold hexane (5 ml; stored with water layer), PBS (300 μL), butylated hydroxytoluene (BHT; 20 μl; 46 mg BHT in 1 mL methanol), and plasma sample (100 μL). Tubes were capped and vortexed for 1 min, then centrifuged at 3000 rpm at 4°C for 5 min. Four ml of the upper hexane layer was removed to 13×100 glass tubes and evaporated under nitrogen for at least 30 min. Later, 200 μL of ethanol was added to the dried hexane fraction, then wells was rinsed, and the mixture was transferred to 0.5 mL Eppendorf safety-lock tubes and stored at -80°C until analysis. Additionally, vitamin C was separated on a 150 × 4.6 mm, 5 μm Supelcosil LC18-DB column and eluted by 95:5 (v/v) methanol-0.1 M lithium acetate (25 mM, pH 4.75, flow rate of 1.3 mL/min). α-tocopherol was measured using HPLC with electrochemical detection (Model 5200A Coulochem II; ESA, Inc., Chemlford, MA) and a Model 5011 high sensitivity analytical cell. Data was extracted using TotalChrom Navigator software. Intra- and inter-assay of the coefficient of variation (CV) were 9.0% and 2.2%, respectively.

### Apoptotic protein measurements {#sec008}

Bax and Bcl-2 in leukocytes were measured using an ELISA technique in accordance with the manufacturer\'s protocol (DuoSet, R&D Systems, Inc. Minneapolis, MN). Briefly, after cells were solubilized on ice at 1×107 cells/mL in lysis buffer for 15 min, samples were centrifuged at 2000 × g for 5 min. The supernatant was collected for analysis. Plates were prepared as follows: the capture antibody was diluted to a working concentration of 2.0 μg/mL in PBS for Bax (mouse anti-human Bax-α antibody) and 4 μg/mL in PBS for Bcl-2 (mouse anti-human Bcl-2 antibody). Plates were pre-coated with 100 μl per well of the diluted antibody, then sealed and incubated at room temperate overnight. Each well was aspirated and washed with 400 μL of wash buffer (0.05% Tween 20 in PBS, pH 7.3) three times and then blocked with 300 μL block buffer (1% bovine serum albumin (BSA), 0.05% NaN3, in PBS, pH 7.3). Plates were incubated at room temperature for 2 h. Before adding the sample, block buffer was removed by aspiration and washed three times as previously described. Then 100 μL of sample or standards in IC Diluent (1 mM EDTA, 0.5% Triton X-100 in PBS, pH = 7.3) were added to each well. Plates were then covered by a plate sealer and incubated for 2h at room temperature. Then the aspiration and wash procedure were repeated. The detection antibody (biotinylated mouse anti-human Bax-α or Bcl-2 antibody) was diluted to a working concentration of 125 ng/mL in IC Diluent (1% BSA in PBS, pH 7.3) for Bax and 0.5 μg/ml for Bcl-2. 100 μL of detection antibody was added to each well. Plates were covered with plate sealers and incubated for 2 h at room temperature.

Immediately before analysis, streptavidin-HRP was diluted to a working concentration using IC Diluent and 100 μL of the diluted streptavidin-HRP was added to each well. Plates were incubated for 20 min at room temperature in the dark, followed by three washes. Then, 100 μL of substrate solution was added to each well, and the plates were incubated for 20 min at room temperature without direct light, and 50 μL of stop solution was added to each well. A microplate reader (Model ELx 800, Bio- Tek Instruments, Inc. VT, USA) was used to determine the optical density of each well by subtracting the readings at 540 nm from the readings at 450 nm. Each sample was prepared in duplicate. Intra- and inter-assay CV for Bcl-2 concentration were 6.3% and 5.0%, respectively; and 7.3% and 6.9%, respectively for Bax concentration.

### Morphological identification of leukocyte apoptosis with modified Giemsa {#sec009}

Five microliters of fresh whole blood were pipetted onto glass microscope slides (VWR Scientific, PA, USA). The slides were placed in undiluted Giemsa stain (Modified Giemsa, Sigma-Aldrich, MO, USA) for 2 min after being air dried and were then submerged in deionized water for 3 min. Slides were then rinsed in deionized water and allowed to air dry before evaluation. Two slides were prepared for each sample. Each blood film was evaluated under a light microscope (Micromaster; Fisher Scientific, PA, USA) in a blinded fashion. One hundred cells including leukocytes, lymphocytes, and neutrophils were counted per slide for apoptotic evaluation. The apoptotic index (AI; %) was determined by the number of apoptotic cells over 100 respective cells that were randomly selected. Each sample was counted in duplicates and AI was recorded as the average of two slides. If counts varied by more than 5%, the slides in question were recounted \[[@pone.0208799.ref030]\].

### Statistics {#sec010}

The student's *t* test was used to analyze the mouse data for statistical significance between the control and stretched muscles as well as to compare ROS data with and without SOD treatments via IBM SPSS software. The human data was analyzed using a mixed model ANOVA with repeated measures followed by adjusted Tukey's post hoc tests using SAS (9.3). All values were presented as mean ± SE (IBM SPSS Statistics 21). *p* \< 0.05 was considered statistically significant.

Results and discussion {#sec011}
======================

Results {#sec012}
-------

### Diaphragmatic muscle force under stretch {#sec013}

The percentage of diaphragmatic force at both first and end contraction in stretched muscle (*n* = 10) was significantly reduced in comparison to muscle with optimal length (*n* = 13; *p* \< 0.05; [Fig 1](#pone.0208799.g001){ref-type="fig"}). Specifically, the development of muscle tension (mN/mg) in the stretched group (*n* = 10) was markedly lower than the control group (*n* = 13) at each subsequent time point (0--5 min) during the 5-min contractile period, suggesting that the stretching results in muscle force decline (*p* \< 0.05; [Fig 2](#pone.0208799.g002){ref-type="fig"}). In addition, as shown in [Fig 3](#pone.0208799.g003){ref-type="fig"}, a significant elevation of cytochrome *c* (cyt *c*) reduction rate was observed in the stretched group (0.81 ± 0.18 nmol•min-1•mg^-1^ dry wt *vs*. 0.068 ± 0.072 nmol•min-1•mg^-1^ dry wt in control) and the application of superoxide dismutase (SOD) diminished this increase.

![Grouped data showing the decline in diaphragmatic force (fatigue) from control (*n* = 13) and stretch (*n* = 10).\
Muscle contractile force was normalized by the maximal force during the baseline of each treatment group prior to stretch. \*Significantly different from the force of the first contraction of control (*p* \< 0.05). ^\#^Significantly different from the force of the end contraction of control (*p* \< 0.05).](pone.0208799.g001){#pone.0208799.g001}

![Grouped data showing the tension development (mN/mg) at baseline (the maximal force prior to tetanic contraction during equilibrium) and 0--5 min during the 5-min contractile period from the muscles at stretch (n = 10) *vs*. control (optimal length, *n* = 13).\
\*Significantly difference from control (*p* \< 0.05).](pone.0208799.g002){#pone.0208799.g002}

![Grouped data showing the cyt *c* reduction rate (nmol•min^-1^•mg^-1^ dry wt) during the 5-min contractile period from the muscles of control (optimal length, *n* = 6), control + SOD (*n* = 10), stretch (*n* = 10), and stretch + SOD (*n* = 5).\
\*Significant difference from control; ^\#^Significant difference from SOD group of the same treatment (*p* \< 0.05). cyt *c*, cytochrome *c*.](pone.0208799.g003){#pone.0208799.g003}

### Compliance of supplementation {#sec014}

Plasma α-tocopherol (vitamin E) status is shown in [Table 1](#pone.0208799.t001){ref-type="table"}. Within the S group, plasma vitamin E was significantly higher prior to exercise (PRE) 2D than at baseline or PRE 1D (*p* \< 0.01), and there an increase trend in plasma vitamin E from baseline to PRE 1D (*p* = 0.07). In [Fig 4](#pone.0208799.g004){ref-type="fig"}, white blood cell (WBC) count was significantly higher 6 h post-exercise (POST) (4.03 ± 0.30 ×106/mL) than at PRE (2.67 ± 0.18), 0 h (3.10 ± 0.23), 24 h (2.82±0.24) and 48 h (2.71±0.23) POST (*p* \< 0.01).

![WBC count before exercise and immediately (0), 6, 24, and 48 h post-exercise in 1D and 2D.\
\*Significantly greater than all other time points (*p* \< 0.01); ^\#^Significantly greater than PRE and 48 h post-exercise 1D (*p* \< 0.05). 1D, first downhill run; 2D, second downhill run; PRE, before exercise; WBC, white blood cell.](pone.0208799.g004){#pone.0208799.g004}

10.1371/journal.pone.0208799.t001

###### Plasma α-tocopherol concentration (μM) at baseline, PRE 1D and PRE 2D in the supplement (S) and placebo (P) groups.

![](pone.0208799.t001){#pone.0208799.t001g}

  Time       Group (*n* = 11/group)                              
  ---------- --------------------------------------------------- ------------
  Baseline   17.1 ± 1.4                                          20.2 ± 1.8
  PRE 1D     26.1 ± 2.8                                          20.1 ± 3.0
  PRE 2D     41.4 ± 3.7[^\#^](#t001fn002){ref-type="table-fn"}   17.8 ± 1.8

Values are means ± SE

^\#^Significantly higher than P; 1D, first downhill run; 2D, second downhill run

### WBC count after downhill running {#sec015}

Additionally, an analysis with time effects suggests that WBC count at 0 h POST (3.15 ± 0.23) was significantly higher (*p*\< 0.05) than PRE (2.65 ± 0.19) and 48 h POST (2.48 ± 0.23) following 1D ([Fig 4](#pone.0208799.g004){ref-type="fig"}). There were no supplementation effects on WBC count.

### Peripheral leukocyte apoptosis-related proteins {#sec016}

As shown in [Fig 5A](#pone.0208799.g005){ref-type="fig"}, analysis of the trial (downhill running) effects indicates that B-cell lymphoma 2 (Bcl-2) following 2D (981±49 pg/mL) was significantly higher than 1D (927 ± 77 pg/mL), and was markedly lower at 6 h (918 ± 54 pg/mL) and 24 h (927 ± 74 pg/mL) POST than PRE (1022 ± 61 pg/mL) (*p* \< 0.05). However, Bcl-2 concentration following 1D was significantly lower at 6 h POST compared to PRE (890 ± 67 pg/mL *vs*. 1052 ± 66 pg/mL; *p* \< 0.05). Regarding supplement effects, Bcl-2 concentration at 24 h POST 1D was lower than PRE (794 ± 95 pg/mL *vs*. 1067 ± 64 pg/mL; *p* \< 0.05) in only the P group. Bcl-2-associated X protein (Bax) concentration ([Fig 5B](#pone.0208799.g005){ref-type="fig"}) was logarithmically transformed because the data were not normally distributed. Bax concentrations at 6 h (7.46 ± 0.27 pg/ml) and 24 h (7.39 ± 0.28 pg/ml) POST were significantly higher than at 48 h POST (6.97 ± 0.35 pg/ml) (*p* \< 0.01). There was no supplementation effect on Bax concentration.

![Bcl-2 concentration (A) and Log transformed Bax (B) before exercise and immediately (0), 6, 24, and 48 h post-exercise in 1D and 2D. ^†^Significantly lower than PRE following 1D (*p* \< 0.05); ^‡^Significantly lower than PRE following 1D in P (*p* \< 0.05); \*Significantly higher than 48 h post-exercise (*p* \< 0.01). 1D, first downhill run; 2D, second downhill run; S, supplement group; P, placebo group; PRE, before exercise.](pone.0208799.g005){#pone.0208799.g005}

Lymphocyte AI ([Fig 6A](#pone.0208799.g006){ref-type="fig"}) was lower following 2D (5.8 ±1.3%) than 1D (8.9 ± 2.1%) (*p* \< 0.01). Within 1D, lymphocyte AI was higher at 6h, 24h, and 48h POST than PRE (*p* \< 0.01), and values at 24h POST were higher than 0 h, 6 h, and 48 h POST (*p* \< 0.01). Within 2D, lymphocyte AI at 24h post exercise was higher than PRE (*p* \< 0.01). There were no supplementation effects on lymphocyte AI. Analysis of neutrophil AI is shown in [Fig 6B](#pone.0208799.g006){ref-type="fig"} and neutrophil AI was lower following 2D (4.7 ± 1.2%) than 1D (6.6 ±1.6%) (*p* \< 0.01). Within 1D, neutrophil AI was higher at 0, 6, 24, and 48 h POST than PRE (*p* \< 0.05) and reach peak at 24 h POST (*p* \< 0.01). Following 2D, neutrophil AI was higher at 24 h POST than PRE and 0 h POST only in P (*p* \< 0.01). Leukocyte Apoptotic Index (AI) ([Fig 6C](#pone.0208799.g006){ref-type="fig"}) was lower following 2D (10.5 ± 2.0%) than 1D (15.5 ± 3.5%) (*p* \< 0.01). Within 1D, leukocyte AI was higher at 0 h, 6 h, 24 h, and 48 h POST than PRE (*p* \< 0.01) and higher at 24 h POST than 0 h, 6 h and 48 h POST (*p* \< 0.01). Within 2D, leukocyte AI at 24 h POST was higher than PRE (*p* \< 0.01). There were no supplementation effects on leukocyte AI.

![Apoptotic index for lymphocytes (A), neutrophils (B), and leukocytes (C) before exercise and immediately (0), 6, 24, and 48 h post-exercise in 1D and 2D. 2D significantly lower than 1D in (A) and (B) (*p* \< 0.01). 2D supplement group significantly lower than 1D (C) (*p* \<0.01); ^§^6, 24, and 48 h post-exercise were significantly higher than PRE (i.e. baseline) in 1D (*p* \< 0.01); \*24 h was significantly greater than 0, 6, and 48 h post-exercise in 1D (*p* \< 0.01); ^\#^Significantly higher than PRE in 2D (*p* \< 0.01). ^ψ^ 24 h was significantly higher than PRE and 0 h post-exercise (*p* \< 0.01); ^†^0, 6, 24, and 48 h post-exercise in 1D were significantly higher than PRE (*p* \< 0.01). Note, 1D, first downhill run; 2D, second downhill run; PRE, before exercise.](pone.0208799.g006){#pone.0208799.g006}

Discussion {#sec017}
==========

In this study, we observed increased extracellular O~2~^•--^in stretched muscle, which was associated with muscle force decline using a mouse model. This increase in ROS during stretching likely contributed to muscle damage related to eccentric contractions. In the related human study, combined supplementation of antioxidants ascorbic acid (vitamin C) and vitamin E resulted in decreased muscle soreness/muscle damage following downhill running \[[@pone.0208799.ref020]\]. Antioxidant supplementation appeared to enhance the adaptive immune response following a second bout of eccentrically-biased exercise, which is consistent with the repeated bout effect as shown by an attenuation of neutrophil apoptosis at 24h POST 2D.

Sarcomere lengthening has been shown to occur in repetitive eccentric contractions, potentially leading to rupture and muscle dysfunction \[[@pone.0208799.ref031]\]. The first part of the study evaluated the extracellular O~2~^•--^formation and associated muscle function during stretching. SOD is an effective O~2~^•--^scavenger, and it is therefore used to confirm the specificity of cyt *c* assay for O~2~^•--^\[[@pone.0208799.ref032]\]. Our results qualitatively indicated that extracellular O~2~^•--^release from the stretched muscle tissue was enhanced, which suggests that ROS can be generated during eccentric exercise from the stretched muscle, independent of the immune activation. O~2~^•--^is reported to contribute greatly to the modulation of skeletal muscle force production and fatigue \[[@pone.0208799.ref033]\], yet their effects under stretch-induced stress are not yet fully elucidated. Collectively, among several other undetermined factors, the release of extracellular O~2~^•--^likely plays a critical role in the decline of muscle force development during stretching. It is further suggested that stretching-induced sarcomere instability contributes to the initial stage of muscle damage in eccentric contractions \[[@pone.0208799.ref006]\]. The combined action of ROS increment and mechanical perturbation (e.g., mild or severe stretch) is associated with MAPK (ERK1/2) phosphorylation and the subsequent alteration of muscle cell differentiation \[[@pone.0208799.ref034]\].

Additional experiments are needed in order to conduct a thorough investigation of the potential interactions among ROS, muscle function under stretching, and eccentric contractions. For example, Liao *et al*. reported that ROS, mainly hydrogen peroxide (H~2~O~2~), stimulate the production of pro-inflammatory cytokine tumor necrosis factor alpha (TNF-α) via the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway, which leads to inflammation and muscle proteolysis following eccentric contractions \[[@pone.0208799.ref035]\]. Inflammation promotes the infiltration of immune cells and further exacerbates ROS production through the process of oxidative burst \[[@pone.0208799.ref035], [@pone.0208799.ref036]\]. Increased oxidative stress and the associated elevation of leukocyte apoptosis have been implicated in muscle undergoing eccentric exercise \[[@pone.0208799.ref007]\].

The diaphragm is actually a mixture of both type I and type fibers, thus it is pretty similar to quadriceps muscles which are also a combination of both types of the fibers \[[@pone.0208799.ref037]\]. This is one of rationales to design our experiments in order to study the similarity of two muscles regarding the stretch-induced biological responses. Moreover, it is also easier to compare the two muscles, though they are located in different models.

Considering the potential detrimental effects of ROS related to stretching and eccentric contraction, the human portion of the study investigated whether antioxidant supplementation alleviates leukocyte apoptosis and apoptosis-related proteins following unaccustomed eccentrically-biased aerobic exercise. Although antioxidant supplementation did not attenuate the increase in total leukocyte AI following a downhill run, a significant elevation in neutrophil AI was observed at 24 h POST 2D in the P group but not in the S group, suggesting that supplementation exerted some protective effects on apoptotic states of the leukocyte subsets. Most researchers investigated apoptosis in lymphocytes \[[@pone.0208799.ref008], [@pone.0208799.ref038], [@pone.0208799.ref039]\] whereas only a few studied exercise-induced neutrophil apoptosis \[[@pone.0208799.ref011], [@pone.0208799.ref040]\]. Our study confirmed that unaccustomed eccentrically-biased exercise induces both lymphocyte and neutrophil apoptosis, both of which peaked at 24 h POST. This might partially explain the increased infection risk (e.g. upper respiratory tract infection) of athletes during the open window period following acute intensive exercise \[[@pone.0208799.ref041]\].

In addition, leukocytosis was evident immediately following 40 min of downhill running and WBCs were markedly elevated 2 h post downhill run (-10% grade; 50% VO~2max~) \[[@pone.0208799.ref042]\]. Such increase in circulating WBCs may be associated with acute inflammation following eccentric exercise-induced myocyte micro-structure disruption \[[@pone.0208799.ref043], [@pone.0208799.ref044]\]. Muscle damage-associated immune responses are characterized by the systemic release of leukocytes, leukocyte infiltration and elevated pro-inflammatory cytokines in damaged tissue \[[@pone.0208799.ref045]\]. However, other factors, such as epinephrine, that increases during exercise can also contribute to leukocytosis \[[@pone.0208799.ref046]\]. Thus, the exact cause of the WBC response to eccentrically-biased exercise is not fully elucidated. The timely resolution of inflammation has been attributed to programmed cell death of leukocytes. For example, neutrophils and lymphocytes may undergo apoptosis, which limits their capability to cause further inflammation \[[@pone.0208799.ref047]\]. We speculate that the increase in circulating WBCs may be associated with acute inflammation following eccentric exercise-induced myocyte micro-structure disruption \[[@pone.0208799.ref043], [@pone.0208799.ref044]\].

*In vitro* studies reported that ROS mediate apoptosis in various cell types \[[@pone.0208799.ref048]--[@pone.0208799.ref051]\]. Syu *et al*. conducted both *in vitro* and *in vivo* experiments and showed that exercise induced human neutrophil apoptosis by altering redox status in an intensity-dependent manner \[[@pone.0208799.ref011]\]. Acute exhaustive cycle ergometer exercise accelerated neutrophil apoptosis, which appeared to be mediated by increased ROS, whereas chronic moderate exercise (30 min a day, 5 days a week at 60% of maximal workload) attenuated neutrophil apoptosis by strengthening the antioxidant defense system (i.e., increased glutathione) \[[@pone.0208799.ref011]\]. Antioxidant administration including vitamin E, N-acetylcysteine (NAC), and other antioxidant combinations have been shown to prevent or inhibit cell apoptosis via redox-controlled mechanisms \[[@pone.0208799.ref052], [@pone.0208799.ref053]\]. For instance, NAC application completely prevents intensive and exhaustive exercise-induced T-lymphocyte apoptosis in mice spleens and bone marrow \[[@pone.0208799.ref054]\]. Inflammatory signals such as TNF and ROS associated with intensive exercise may promote cell apoptosis \[[@pone.0208799.ref055], [@pone.0208799.ref056]\]. Hartmann *et al*. demonstrated that vitamin E (1200 mg/day; 14 days prior to exercise) inhibited leukocyte DNA damage after a single bout of exhaustive exercise \[[@pone.0208799.ref057]\].

Moreover, ROS formation through mitochondria oxidative pathways, could evoke an inflammatory response following acute rigorous exercise promoting leukocyte apoptosis \[[@pone.0208799.ref038]\]. Despite the positive results of antioxidant use in scavenging excess ROS, the beneficial effect of vitamin C and E supplementation on exercise remains controversial \[[@pone.0208799.ref017]\]. Ristow *et al*. suggested that exogenous non-physiological doses of vitamin C and E may impair the favorable adaptations of regular exercise on healthy young men by blocking redox-sensitive transcription factors such as peroxisome proliferator-activated receptor gamma (PPARγ) and antioxidant enzymes such as SOD and glutathione peroxidase \[[@pone.0208799.ref058]\]. Unaccustomed eccentric exercise increases free radical generation, induces muscle damage, and results in impaired immune function, all of which are attenuated following a second bout of similar exercise \[[@pone.0208799.ref059], [@pone.0208799.ref060]\]. However, the mechanism of the adaptive immune response (e.g., less leukocyte apoptosis) as a result of repeated bouts of eccentrically-biased exercise, has not been explored.

In the present study, we observed that Bcl-2 concentration at 24 h POST was markedly lower than PRE in the P group but not in the S group following 1D. Antioxidant supplements appeared to attenuate the decrease in anti-apoptotic proteins, likely promoting cell survival. Consistent with our previous work \[[@pone.0208799.ref061]\], leukocyte apoptosis was significantly diminished following 2D. We found that antioxidant supplementation attenuated the exercise-induced increase in neutrophil apoptosis at 24 h POST 2D. It should also be noted that the decrease in Bcl-2 protein levels at 24 h POST 1D also was also blunted in the S group. This result could be expected by ROS tendency to upregulate pro-apoptotic protein expression \[[@pone.0208799.ref062]\]. These findings further support that ROS are involved in exercise-induced adaptations in the immune system.

Apoptosis can be triggered by intrinsic or extrinsic pathways. Intrinsic pathways arise from the mitochondria involving the Bcl-2 protein family as a central regulator \[[@pone.0208799.ref063]\]. Specifically, Bcl-2, Bcl-X, and Mcl-1 are anti-apoptotic proteins whereas Bax, Bcl-2-associated death promoter (Bad), and BH3 interacting-domain death agonist (Bid) are pro-apoptotic proteins. Bcl-2 protein is located at intracellular membranes and plays an important role in maintaining mitochondrial membrane integrity by preventing the release of cyt *c* into the cytosol, subsequently activating caspase-9 and the downstream cell apoptotic cascade. Although a reduction in Bcl-2 might increase cell susceptibility to apoptosis, it may not necessarily induce apoptosis without an additional external stressor \[[@pone.0208799.ref064]\]. Bax also belongs to the Bcl-2 protein family but has a pro-apoptotic role. Translocation of Bax into the mitochondrial outer membrane increases membrane permeability which allows for the release of pro-apoptotic factors (e.g., cyt *c*). Furthermore, apoptosis occurs in a dynamic and transient manner and once an apoptotic body is formed, it is immediately removed by phagocytosis. The lack of observed congruency between Bcl-2 concentration and leukocyte apoptosis in the present study is not novel. Krüger *et al*. also found that lymphocyte Bcl-2 content was significantly lowered 24 h after intensive resistance exercise but without an increase in lymphocyte apoptosis \[[@pone.0208799.ref008]\].

The current study showed that an eccentric downhill run elicited an immune response (such as leukocytosis and leukocyte apoptosis). A second downhill run and antioxidant supplementation attenuated leukocyte apoptosis and muscle soreness/muscle damage, which was consistent with findings of our previous work \[[@pone.0208799.ref020]\]. Eccentric-induced impaired muscle function has been associated with mechanical damage, including sarcomere disruption and local inflammatory responses, as demonstrated by delayed muscle soreness \[[@pone.0208799.ref006]\]. Interestingly, Close *et al*. observed an increase in ROS, as measured by electron spin resonance (ESR), only after the peak muscle function decline and delayed onset of muscle soreness which followed eccentric downhill running in human subjects. Therefore, it has been suggested that ROS are not major contributors to muscle damage in eccentric exercise \[[@pone.0208799.ref065]\]. However, the exact source of ROS in lengthening exercise has not been fully investigated in human studies. By monitoring the ROS formation in skeletal muscle *ex vivo*, the data from current studies showed a marked release of O~2~^•--^from stretched muscle during contraction.

The inconsistencies found between the animal and human studies may be due to the differences in contractile protocol and the methods used for detecting ROS. The animal stretching model is aimed to further explore the redox relations of the impaired muscle function following stretch preconditioning of the muscle. Although leukocytes have been suggested as a primary generator of ROS during inflammation \[[@pone.0208799.ref066]\], the *ex-vivo* experiments indicated that stretched skeletal muscle can produce ROS via other possible ROS sources during muscle contraction in the absence of leukocytes. There are many types of ROS generated from the biological system, including O~2~^•--^, H~2~O~2~, and hydroxyl radical (^•^OH). This study provided evidence that O~2~^•--^accounts for an important type of ROS formed during muscle lengthening activities. ROS are known to play multifaceted roles in mediating inflammatory responses including promoting neutrophil migration, killing microbes as well as inducing cell apoptosis \[[@pone.0208799.ref066]\]. Increased leukocyte apoptosis is a mechanism to terminate (or resolve) excessive inflammation \[[@pone.0208799.ref047]\]. However, the specific roles of excessive O~2~^•--^released from the skeletal muscle and whether they are main contributors to leukocyte apoptosis following eccentric exercise remain to be elucidated.

Sarcomere lengthening is considered a major mechanism underlying muscle damage associated with eccentric exercise \[[@pone.0208799.ref001]\]. Although it is generally accepted that oxidative stress can be induced during vigorous exercise, which is closely linked with immune activation \[[@pone.0208799.ref067], [@pone.0208799.ref068]\], the exact correlation between ROS formation and immune responses remains unclear in the context of eccentric training. Here we provided evidence that muscle lengthening can directly lead to prominent ROS production and force decline during contraction independent of immune cell activation. Antioxidants supplementation in human subjects appears to attenuate the decrease in anti-apoptotic protein but show no effect on the immune profiles following downhill running. Further study is needed to explore the correlation between ROS formation, immune activation and muscle dysfunction in eccentric exercise.

Conclusions {#sec018}
===========

In this study, we identified the involvement of extracellular ROS in stretching-induced muscle force decline. The increase in ROS during stretching likely contributes to muscle damages associated with eccentric contractions. In addition, oxidative stress may play a role in elevated leukocyte apoptosis following unaccustomed eccentric exercise, although other mediators may also contribute. Further, we observed an attenuation of leukocyte apoptosis following a second bout of eccentrically-biased exercise. Antioxidant supplementation appears to enhance this adaptive immune response by attenuating the decrease in anti-apoptotic proteins, perhaps via increasing antioxidant capacity. Additional research is required to elucidate the molecular mechanisms underlying muscle lengthening exercise in relation to redox alterations. With a multi-pronged strategy, we present our results in a novel dimension. Unlike previous studies, our approach particularly focuses on characterization of redox correlation in stretching-induced muscle force decline in both mice and human models. This allows us to more accurately determine its unique role in immune response during eccentric exercise.
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